Exposure to genotoxins such as ethanol-derived acetaldehyde leads to DNA damage and liver injury and promotes the development of cancer. We report here a major role for the transforming growth factor b/mothers against decapentaplegic homolog 3 adaptor b2-Spectrin (b2SP, gene Sptbn1) in maintaining genomic stability following alcohol-induced DNA damage. b2SP supports DNA repair through b2SP-dependent activation of Fanconi anemia complementation group D2 (Fancd2), a core component of the Fanconi anemia complex. Loss of b2SP leads to decreased Fancd2 levels and sensitizes b2SP mutants to DNA damage by ethanol treatment, leading to phenotypes that closely resemble those observed in animals lacking both aldehyde dehydrogenase 2 and Fancd2 and resemble human fetal alcohol syndrome. Sptbn1-deficient cells are hypersensitive to DNA crosslinking agents and have defective DNA double-strand break repair that is rescued by ectopic Fancd2 expression. Moreover, Fancd2 transcription in response to DNA damage/transforming growth factor b stimulation is regulated by the b2SP/mothers against decapentaplegic homolog 3 complex. Conclusion: Dysfunctional transforming growth factor b/b2SP signaling impacts the processing of genotoxic metabolites by altering the Fanconi anemia DNA repair pathway. (HEPATOLOGY 2017;65:678-693) L ifelong maintenance of genomic stability is essential for protection against the development of cancer. Alcohol-related genotoxicity, arising from DNA damage by metabolically generated reactive aldehydes, has recently been observed in models with genetic inactivation of members of the Fanconi anemia pathway.
L ifelong maintenance of genomic stability is essential for protection against the development of cancer. Alcohol-related genotoxicity, arising from DNA damage by metabolically generated reactive aldehydes, has recently been observed in models with genetic inactivation of members of the Fanconi anemia pathway.
(1) Fanconi anemia complementation group D2 (Fancd2)-mutant mice crossed with aldehyde dehydrogenase 2 (Aldh2) mutant mice are susceptible to ethanol teratogenicity and display defective DNA interstrand crosslink repair.
(1) Alcohol-treated Fancd2 -/-embryos, however, do not develop a fetal alcohol syndrome-like phenotype, indicating a critical protective role of Aldh2 in acetaldehyde metabolism and that this process is more complex than envisaged. (2) (3) (4) (5) Transforming growth factor b (TGF-b) is critical for the regulation of several cancers (6) and functions as an extracellular sensor for ionizing radiation-induced cell damage. Keratinocytes isolated from TGF-b1-null mice exhibit marked genomic instability that accelerates tumor progression. (7) Defective TGF-b signaling is implicated in multiple cancers owing to the frequent somatic mutations in, or deregulation of, its components, such as mothers against decapentaplegic homolog 3 (Smad3), Smad4, and TGF-b receptors 1 and 2. Smads are the intracellular mediators of TGF-b signaling, and their function is modulated by adaptor proteins such as the Smad anchor for receptor activation, filamin, microtubules, and b2-spectrin (b2SP). (8) Recent studies of Smad4-knockout mice, which develop head and neck cancers, demonstrate a significant role for Smad4 in promoting genomic stability through regulation of the Fanconi anemia/breast cancer DNA repair pathway. (9) Despite these observations, precisely how the TGF-b pathway contributes to toxin-induced DNA damage repair remains unclear.
A crucial TGF-b/Smad3/4 adaptor and transcriptional cofactor, b2-Spectrin (b2SP, gene Sptbn1) confers multiple aspects of the tumor suppressor functions of Smad3, in the development of hepatocellular and other cancers. (10) (11) (12) b2SP is a dynamic intracellular non-pleckstrin homology-domain protein that belongs to a family of polypeptides implicated in conferring cell polarity. Through associated binding partners, such as ankyrin, spectrins target and stabilize membrane proteins, such as ion transporters, exchangers, and cell adhesion molecules, in diverse tissues and cell types including erythrocytes and gut, liver, and brain cells. (13) Spectrin dysfunction has been linked to abnormalities in mammalian physiology, including elliptocytosis, anemia, and cerebellar degeneration. More recently, spectrins have been linked to multiple signaling pathways, including cell cycle regulation, DNA repair, and TGF-b signaling. (10, 14, 15) We have shown that heterozygous loss of Sptbn1 in mice results in one of the more consistent genetic models of liver malignancies associated with loss of TGF-b signaling, with > 40% of mice spontaneously developing liver tumors. (8, 11, (16) (17) (18) b2SP (Sptbn1) interacts with Smad3 in the cell nucleus in a TGF-b-dependent manner. (12) The b2SP/Smad3 complex then regulates transcriptional factors involved in stem cell-associated liver tumorigenesis. (12) Homozygous loss of Sptbn1 results in mouse embryonic lethality due to multiple abnormalities of the liver, gut, and brain, demonstrating the essential nature of Sptbn1 in embryogenesis. (10) Here, we report that more than half of Sptbn1-homozygous-null mouse embryos develop a spontaneous fetal alcohol syndrome-like phenotype, which becomes exacerbated upon exposure to alcohol. Analysis of Sptbn1-null cells indicates a marked defect in DNA repair in response to various exogenous mutagens including aldehyde. Importantly, the b2SP/ Smad3 complex directly regulates the transcription of Fancd2, as observed in both in vivo and in vitro systems. These findings are further discussed in the context of b2SP-mediated TGF-b modulation, specifically the role of this signaling axis in the Fanconi anemia pathway for DNA damage repair, alcohol sensitivity, and liver tumorigenesis. 2/2 mouse embryonic fibroblasts (MEFs) were transfected with pDEST-SFB-FancD2, Myc-FancA, or Myc-FancM plasmids using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). pDEST-SFB-FancD2, Myc-FancA, and Myc-FancM plasmids were kindly provided by Drs. Lei Li and Junjie Chen. TGF-b1 (T1654; SigmaAldrich) was added to a final concentration of 100 pM for cell culture. Lentiviral particles containing b2SP (sc-36551) or control short hairpin RNA (shRNA) lentiviral particles (sc-108080) were used to infect HepG2 cells. shRNAs to b2SP (sc-36551-v) and control shRNA (sc-108080) were purchased from Santa Cruz Biotechnology (Dallas, TX). Small interfering RNA (siRNA) for FANCD2 (L-016376-00-0005) and siRNA control nontargeting pool (D-001810-10-05) were purchased from Dharmacon (Pittsburgh PA).
Materials and Methods

ANIMAL EXPOSURE TO ETHANOL
Matings of male and female Sptbn1 1/2 mice were set up, and the females were monitored daily for vaginal plugs. The day of vaginal plug detection was defined as embryonic day 0.5 (E0.5). Pregnant mice were administered 5 g/kg 28% ethanol intraperitoneally from E6.5 to E12.5. The dose was divided into two separate injections of 2.5 g/kg 6 hours apart. On day E13.5 the mice were sacrificed, and the fetuses were dissected for further analysis and genotyping (Supporting Table S1 ). For oral treatment with ethanol, 10-week-old to 12-week-old mice of two genotypes (Sptbn1
, n 5 12) were exposed to continuous oral ethanol for 2 weeks (Supporting Information). Blood alcohol levels were determined using the ANALOX GM-7 Micro-Stat analyzer and its reagent (ANALOX Instruments USA, Lumenburg, MA). All experiments were approved by the Institutional Animal Care and Use Committee at MD Anderson Cancer Center (Houston, TX).
LIPID PEROXIDATION ASSAY
The concentrations of lipid peroxidation malondialdehyde (MDA) were measured in liver homogenates using kits from Abcam (ab118970; Cambridge, MA). Approximately 50 mg of liver tissue was homogenized in 300 lL of MDA Lysis Buffer and centrifuged at 13,000g for 10 minutes. Supernatants were mixed with thiobarbituric acid buffer, which was measured spectrophotometrically at 520 nm.
HOMOLOGOUS RECOMBINATION REPAIR ANALYSIS
U2OS cell clones stably expressing a homologous recombination (HR) repair reporter were kindly provided by Dr. Junjie Chen. These U2OS cells were infected with lentiviral shRNAs against luciferase or Sptbn1 (b2SP) to generate U2OS-shRNA-b2SP stable cells. These cells were then transfected with mock or I-Scel plasmid along with murine stem cell virusgreen fluorescent protein (GFP) as a control for transfection efficiency. After 2 days, the cells were assayed by flow cytometry to measure GFP-positive (HRrepaired) cells.
POLYMERASE CHAIN REACTION FOR NONHOMOLOGOUS END-JOINING REPAIR ANALYSIS
Genomic DNA was extracted from mock-transfected or I-Scel-transfected direct repeat (DR)-GFP stable expressed U2OS cells. Polymerase chain reaction (PCR) was then performed. Primers were as follows: DR-GFP-F, CTGCTAACCATGTTCATGCC and DR-GFP-R, AAGTCGTGCTGCTTCATGTG. PCR products were subsequently digested with I-SceI or I-SceI 1 BcgI and subjected to gel electrophoresis using 1.2% agarose gel.
STATISTICAL ANALYSIS
Differences between two groups were evaluated using a two-tailed Student t tests. Results are expressed as mean 6 standard deviation unless otherwise indicated. For multiple comparisons, one-way analysis of variance with post hoc Bonferroni's test was used. Results are expressed as mean 6 standard deviation unless otherwise indicated. For all statistical analyses, P < 0.05 was considered statistically significant.
Results
Sptbn1-DEFICIENT MICE EXHIBIT
A PHENOTYPE SIMILAR TO HUMAN FETAL ALCOHOL SYNDROME AND ARE SENSITIVE TO ETHANOL EXPOSURE Using genetically engineered mouse models of Sptbn1, we found that no Sptbn1 2/2 pups were born. Therefore, we examined E11.5 Sptbn1 2/2 embryos and found not only a disruption in TGF-b signaling but also a number of morphological abnormalities such as retarded growth, liver and gut hypoplasia, cardiac muscle hypertrophy, and neural defects. (10) Later-stage surviving Sptbn1 2/2 embryos (52%, at E13.5-16.5) spontaneously develop exencephaly, edema, and anophthalmia, phenotypes that are also characteristic of human fetal alcohol syndrome ( Fig. 1A,B ; Supporting Fig. S1 ). Therefore, the role of bSP2 in the context of alcohol catabolism was further interrogated. Interestingly, a similar phenotype was recently described for double-knockout Aldh2
2/2
/Fancd2
2/2 mice, in which the acetaldehyde-catabolizing enzyme Aldh2 was observed to be essential for embryonic viability of mice deficient in the FancD2 DNA repair gene. (1) Given the remarkable sensitivity of Aldh2
2/2 mice to ethanol exposure, both in utero and postnatally, we asked whether Sptbn1-deficient mice are similarly ethanol-sensitive. We treated Sptbn1 1/2 females impregnated by Sptbn1 1/2 males with a total dose of 5 g/kg 28% (vol/vol) ethanol twice per day by intraperitoneal injection from E6.5 to E12.5 and analyzed embryos at E13.5 (Fig. 1C) . Fetal ablation occurred in 100% of the homozygous insufficient Sptbn1 2/2 mutants from Sptbn1 1/2 mothers treated with ethanol, whereas wild-type Sptbn1 1/1 offspring were unaffected by ethanol treatment ( Fig. 1D ,E; Supporting Table S1 ). A comparison of our results to those observed in Aldh2
2/2 mice on the same C57BL/6 background revealed that both Sptbn1 -/-and Aldh2
-/-/Fancd2 -/-mice are markedly susceptible to ethanol toxicity and that both sets of mutants manifest similar morphological defects including exencephaly, anencephaly, and anophthalmia (Supporting Table S2 and Fig. S1D) .
Next, the effects of ethanol exposure were assessed in adult heterozygous Sptbn1 1/2 mice by exposing 6-week-old to 10-week-old Sptbn1 1/1 and Sptbn1
1/-
mice to ethanol through their drinking water supply for 2 weeks-1 week of 15% (vol/vol), followed by 1 week with 20% (vol/vol) ethanol/water (Fig. 1F ). Blood alcohol levels in the ethanol-exposed mice ranged from 20 to 150 mg/dL, likely reflecting differing times of the last alcohol consumption prior to sacrifice (Supporting Fig. S2A ). The hepatic concentration of MDA, the aldehydic product of lipid peroxidation, was also measured. Interestingly, increased MDA levels were only found in deficient Sptbn1
1/-mouse livers and not wild-type controls, suggesting that Sptbn1 1/-mice are more susceptible to alcoholinduced oxidant damage compared to wild-type mice (Fig. 1G) . Moreover, we observed 3-fold increased levels of cH2AX in mutant Sptbn1 1/-mouse livers after exposure to 2 weeks of alcohol (Fig. 1H) .
Hematopoietic progenitor cells are known to be highly sensitive to ethanol-induced oxidant stress. (1) Upon ethanol administration, these heterozygous mice presented a striking bone marrow aplasia, and blood analysis demonstrated dramatic decreases in hemoglobin content and platelet counts (Supporting Fig. S2B , C). Further analysis of the bone marrow of ethanoltreated Sptbn1 1/2 mice revealed a marked reduction of nucleated cells, as well as an inability to form colonies of all hematopoietic lineages when plated on methylcellulose (Supporting Fig. S2D ). (1, 19) Collectively, the data suggest that deficiency in TGF-b signaling/b2SP predisposes mice to DNA damage associated with ethanol exposure, similar to the observations in Aldh2/ Fancd2 mutant mice.
Sptbn1 DEFICIENCY LEADS TO GENOMIC INSTABILITY AND HYPERSENSITIVITY TO DNA DAMAGE
In Aldh2 2/2 /Fancd2 2/2 mice, ethanol sensitivity has been attributed to an underlying genomic instability resulting from loss of Fancd2-dependent DNA repair activity. We therefore hypothesized that loss of b2SP similarly hinders DNA repair after exposure to alcohol/genotoxic stress and possibly promotes genomic instability. To further investigate the role of b2SP in genotoxic stress and genomic stability, Sptbn1 1/1 and Sptbn1 1/-mice were exposed to continuous oral ethanol in their drinking water for 2 weeks. (G) Increased lipid peroxidation levels in mouse livers were observed in alcohol-fed Sptbn1 1/-mice compared to wild-type mice. Hepatic lipid peroxidation levels were assessed by the concentration of MDA after 2 weeks of oral ethanol administration through the drinking water. Five mice for each group were used. (H) Increased expression levels of cH2AX were observed in livers of ethanol-fed Sptbn1 1/-mice. cH2AX levels were detected by immunohistochemical analysis in mouse livers (n 5 5 for each group). Scale bars, 25 lm. Quantification of the immunohistochemical staining is shown. Error bars are shown as standard deviation (G and H). *P < 0.01, Student t test. Abbreviations: IHC, immunohistochemical; NS, not significant.
MEFs were irradiated to induce chromosomal aberrations. We found that Sptbn1 2/2 MEFs exhibited a significant increase in chromatid breaks and complex radial structures compared to wild-type MEFs ( Fig.  2A-C) . The chromosomal instability of Sptbn1
2/2
MEFs portrays a similarity to Fanconi anemia patients and animal models which are known to be hypersensitive to DNA crosslinking agents. (20, 21) These data suggest a common, underlying defect in DNA damage repair. To test this hypothesis, Sptbn1 2/2 MEFs were treated with the crosslinking agent mitomycin C (MMC) or with ionizing irradiation to induce DNA double-strand breaks (DSBs). Despite their distinct mechanisms of DNA damage, both treatments resulted in a greater dose-dependent decrease in mutant Sptbn1 2/2 cell viability compared to wild type ( Fig.  2D,E) . Furthermore, we used splenic B cells to test whether Sptbn1 1/2 cells have decreased resistance to acetaldehyde. Indeed, the viability of B cells from Sptbn1 1/2 mice significantly decreased after exposure to acetaldehyde in a dose-dependent manner when compared to wild-type B cells (Fig. 2F) . Consistently, a significant increase (2-fold to 3-fold) in chromosomal aberrations was observed in Sptbn1 2/2 MEFs treated with MMC compared to untreated Sptbn1 2/2 MEFs and Sptbn1 1/1 MEFs with or without MMC treatment (Fig. 2G,H) . The results suggest that Sptbn1-deficient cells exhibit DNA repair defects across a range of insults including DNA crosslinking, DNA DSB, and acetaldehyde adducts.
To determine if the observed hypersensitivity of mutant Sptbn1 2/2 MEFs to DNA damage is a repercussion from a defective DNA repair, foci formation was assessed through microscopy using phospho-H2AX (cH2AX), 53BP1, phospho-CDK2 (pCDK2), Rad51, and NBS1 as markers. (22) We found that Sptbn1 2/2 MEFs treated with 1 mM MMC have increased residual cH2AX (4-fold), 53BP1 (2.4-fold), and pCDK2 (3-fold) foci and decreased Rad51 (4.5-fold) and NBS1 (3-fold) foci compared to wild type, indicating defective repair of DNA DSBs by the HR pathway ( Fig. 3A-E) .
LOSS OF b2SP RESULTS IN A DEFECT IN HR DNA REPAIR
To further assess the impact of Sptbn1 deficiency on DNA damage repair pathways, we used a wellestablished HR repair system, DR-GFP, that is composed of two differentially mutated GFP genes oriented as direct repeats: the upstream repeat contains the recognition site for the rare-cutting I-SceI endonuclease (SceGFP), and the downstream repeat is a truncated GFP fragment (Fig. 4A) . (23) (24) (25) Briefly, transfection of DR-GFP-integrated U2OS cells with an I-SceI endonuclease expression vector can generate a site-specific DSB in the SceGFP coding region. If this DSB is repaired by HR, GFP expression is restored and GFP-positive cells can be quantitated by flow cytometry (Fig. 4A) . We first knocked down b2SP, Fancd2, or b2SP/Fancd2 in DR-GFP-integrated U2OS cells (Fig.  4B, left panel) . In the absence of I-SceI expression, very few GFP-positive cells were detected among these cells (Fig. 4B, right panel) . (Fig. 4B, right panel) . These results suggest that both b2SP-knockdown and Fancd2-knockdown cells have impaired HR, indicating a role for both b2SP and Fancd2 in this repair pathway. Interestingly, double-knockdown of Fancd2 and b2SP in U2OS cells resulted in further increased defective repair by HR, suggesting that while b2SP is important for proper Fancd2 function, it is likely that other regulators are involved in this complex process. Next, a PCRbased method was used to further investigate both HR and nonhomologous end-joining (NHEJ) (Fig. 4C, left  panel) . (26) We used PCR primers that would amplify products of HR and NHEJ repair surrounding the ISceI site in DR-GFP-integrated U2OS cells that had been transfected with I-SceI endonuclease. We then cleaved the PCR products with I-SceI to determine how much of the amplified fragment consisted of detectable DSB repair products. To specifically detect NHEJ products, we cleaved the PCR products with I-SceI and with BcgI, which cleaves only the homologous repair product (Fig. 4C, left panel) . Without transfection of the I-SceI expression vector, the PCR product is completely cleaved by I-SceI (0.5 kb) (Fig.  4C, right panel, first line) . With transfection of the ISceI expression vector in control cells, the PCR product was not cleaved by I-SceI. The amount of uncleaved DNA (0.65 kb) reflects an HR repair process, which results in I-SceI site loss (replacement of BcgI on I-SceI site). For b2SP knockdown and/or Fancd2-knockdown cells, the amount of uncleaved DNA (0.65 kb) is markedly reduced (5-fold to 10-fold), indicating that the chromosomal I-SceI site was not repaired by HR and was clearly cleaved by I-SceI (Fig. 4C, right panel,  upper blot) . To differentiate NHEJ from homologous repair, PCR products were additionally treated with BcgI, which as mentioned only cleaves HR products but not NHEJ products (Fig. 4C, right panel, lower  blot) . Thus, the amount of uncleaved DNA after digestion with both BcgI and I-SceI indicates the level of NHEJ. In all of the cells, whether knockdown control or b2SP and/or Fancd2 knockdown, the amount of uncleaved DNA is not altered, demonstrating that the level of repair of a chromosomal DSB by NHEJ is not reduced by either b2SP or Fancd2 deficiency. These assays confirm that b2SP knockdown reduces HR repair but has no effect on NHEJ repair efficiency. Taken together, the results indicate that loss of b2SP and/or Fancd2 results in fundamental repair defects by HR.
TGF-b/b2SP/Smad3 UP-REGULATES Fancd2 TRANSCRIPTIONALLY
To gain understanding of how TGF-b1 impacts DNA repair, we extended previous studies in our mutant cells. TGF-b1-induced Smad3 phosphorylation is inhibited in b2SP-knockdown HepG2 cells, confirming reports that b2SP is required for activation of the TGFb pathway (Supporting Fig. S3 ). (10, 12) We observed that MMC activates TGF-b signaling, as evidenced by increased Smad3 phosphorylation. This TGF-b activating effect was reduced in mutant Sptbn1 2/2 MEFs (Fig. 5A ) and 12SP-knockdown HepG2 cells (Fig. 5B) , suggesting that b2SP may play a critical role on MMCactivated TGF-b pathway.
The nuclear translocation of b2SP in response to TGF-b and b2SP's known role as a transcriptional coactivator with Smad3/4 (12) led us to hypothesize that b2SP may similarly be involved in transcriptional programs of the DNA damage repair response. To gain an unbiased view of transcriptomic changes caused by b2SP perturbation, we analyzed whole-transcriptome RNA sequencing data of MEFs isolated from wild-type and Sptbn1 2/2 embryos. Fancd2 messenger RNA (mRNA) levels are significantly reduced in Sptbn1 S4B ).
Previous reports have demonstrated that b2SP interacts with Smad3 in the cell nucleus in a TGF-b-dependent manner. The b2SP/Smad3 complex then transcriptionally up-regulates its targets, such TERT and CTCF. (12) To determine whether b2SP and TGF-b facilitate DNA damage-induced Fancd2 expression, we compared Fancd2 mRNA levels in wild-type Sptbn1 1/1 with mutant Sptbn1 2/2 MEFs. Treatment with TGF-b1 or MMC increased Fancd2 mRNA levels in wild-type Sptbn1 1/1 MEFs but not in mutant Sptbn1 2/2 MEFs, and simultaneous treatment with both agents produced an additive increase in Fancd2 mRNA only in wild-type MEFs (Fig. 6A) . Treatment with the TGF-b inhibitor SB431542 significantly inhibited MMC-induced, TGFb-induced, or TGF-b/MMC-induced Fancd2 mRNA levels (Fig. 6A ). These results demonstrate that TGF-b/ b2SP is required for Fancd2 levels to increase in response to MMC or TGF-b, suggesting that the b2SP/Smad3 complex may directly regulate Fancd2 transcription. To address this hypothesis, we examined Fancd2 mRNA levels in HepG2 cells after Smad3 knockdown. Knockdown of Smad3 in HepG2 cells significantly prevented TGFb/MMC-induced Fancd2 mRNA levels, indicating that Smad3 is required for Fancd2 up-regulation in response to MMC or TGF-b (Fig. 6B) .
Smad3 transcriptionally regulates downstream target genes through the Smad binding element (SBE) motif, 5 0 -GTCT-3 0 . (27) We examined human Fancd2 and identified five potential SBE motifs within the -1,000 bp promoter proximal region. Of note, only two evolutionarily conserved sites, at , were found to be significantly enriched for b2SP and Smad3 binding in HepG2 cells after treatment with TGF-b1, suggesting a TGF-bdependent mechanism (Fig. 6C) . We then identified two evolutionarily conserved SBE motifs within a 1,000-bp promoter region proximal to the mouse Fancd2 gene. Examination of protein binding to the two elements using chromatin immunoprecipitation (ChIP) assays revealed significant enrichment of both b2SP and Smad3 at one of the elements, the promoter proximal -298 AGAC -295 motif. Importantly, Smad3 binding was completely lost in mutant Sptbn1
2/2
MEFs, suggesting the b2SP/Smad3 complex is necessary for Fancd2 transcriptional regulation (Fig. 6D) . We further demonstrated that knockdown of b2SP with shRNA in HepG2 cells significantly reduced TGF-b/ Smad3-induced Fancd2 transcriptional activity (Fig.  6E) . Mutation of either of these two conserved SBE motifs on the human Fancd2 promoter compromised TGF-b/Smad3/b2SP-induced Fancd2 transcription, while simultaneous mutation of both SBE motifs virtually abrogated transcription (Fig. 6F) . Knockdown of Smad3 in HepG2 cells markedly suppressed TGF-binduced or MMC-induced total FancD2 protein levels (Supporting Fig. S5A ). Depletion of b2SP with shRNA in HepG2 cells resulted in a significant reduction of TGF-b/Smad3-induced FancD2 expression levels (Supporting Fig. S5B ) but did not alter FancD2 protein stability (Supporting Fig. S5C ), thus confirming transcriptional control of Fancd2 levels by TGFb/ b2SP/Smad3 (Fig 6) . Cellular defects in DNA damage repair observed in Sptbn1 2/2 cells were rescued only by ectopic expression of FancD2 but not by FancM or FancA, suggesting the specific role of Fancd2 transcription in Sptbn1 deficiency-induced DNA damage (Fig.  7) . Overall, these data suggest that b2SP, together with Smad3, is a critical regulator of DNA repair by mediation of Fancd2 transcription.
b2SP AND FancD2 ARE CLINICALLY CORRELATED
We investigated the clinical relevance of altered b2SP and FancD2 function using immunohistochemical analyses of 20 human liver specimens from alcoholic hepatitis (n 5 5), alcoholic cirrhosis (n 5 5), and alcohol-associated liver cancer (n 5 5) patients, as well as normal controls (n 5 5). Increased nuclear localization of b2SP was detected in patients with alcoholic hepatitis and cirrhosis, while nuclear expression of b2SP and FancD2 was dramatically decreased in alcohol-associated liver tumor cells (Fig. 8A,B) . Overall, nuclear b2SP positively correlated with nuclear FancD2 (Fig. 8C) , consistent with the hypothesis that b2SP and FancD2 are activated in response to alcohol-induced liver injury. Furthermore, loss of this response in alcohol-associated liver cancer is consistent with a selection for events that contribute to genomic instability, though this remains to be proven. Finally, detailed analysis of a 91-case hepatitis C virus-associated hepatocellular carcinoma (HCC) cohort available from the Gene Expression Omnibus database (GSE9843) was performed to characterize expression levels of b2SP and Fancd2 in HCC. Indeed, the mRNA expression of b2SP and Fancd2 was positively correlated in this independent HCC cohort (Fig. 8D) . Recent studies have also demonstrated that Sptbn1 gene expression positively correlates with E-cadherin and kallistatin gene expression in both hepatitis C virus-associated HCC (Gene Expression Omnibus 
GSE6764
) and hepatitis B virus-associated HCC (Gene Expression Omnibus GSE14520). (28) The data suggest that b2SP functions as a tumor suppressor in HCC through multiple different signaling pathways. Moreover, it is possible that the TGF-b/b2SP/ Smad3/Fancd2 axis may also be directly activated in response to virus-induced DNA damage and genomic instability, but this remains to be investigated further. On the basis of our findings, we propose a model in which activation of the TGF-b/b2SP/Smad3 pathway and the FancD2 protein protects against toxininduced or alcohol-induced DNA damage and promotes DNA repair. Alternatively, dysfunctional TGFb signaling profoundly decreases protection against genotoxic metabolites by affecting the Fanconi anemia pathway.
Discussion
In this study, a novel role for the TGF-b pathway was uncovered in mediating genomic stability and HR through the Smad3 adaptor protein b2SP, which is required for the transcriptional activation of a component of the Fanconi anemia pathway-Fancd2. Thus, TGF-b signaling is pivotal not only for regulation of hepatocyte proliferation and extracellular matrix deposition in the liver as reported (29) (30) (31) (32) but also for maintenance of genomic stability in the context of toxininduced DNA damage. Indeed, TGF-b is activated in response to tissue damage. (33) Interestingly, only the double-knockout Fancd2/Aldh2 mice display fetal alcohol syndrome, indicating that elevated acetaldehyde was required for the fetal alcohol syndrome phenotype. When there is a deficiency of b2SP, it is possible that loss of the TGF-b pathway has additional sensitizing effects besides Fancd2 expression, thus rendering the mice more susceptible to DNA damage. Moreover, recent discoveries indicate that cytoskeletal proteins belonging to the spectrin/ankyrin family can regulate key signal transduction pathways by functioning as adaptor molecules. (13) The complex detoxifying function of the liver clearly exposes the organ to a significant degree of genotoxic stress; this stress must be overcome to prevent DNA damage, cirrhosis, and the onset of liver cancer. Our model proposes that, in response to toxins such as alcohol, the TGF-b signaling pathway up-regulates expression of Fancd2, mediated by b2SP and Smad3, to confer genomic stability and proper DNA repair. These studies highlight that further characterization of the TGF-b pathway in alcohol-induced injury could prove beneficial in therapies that target reactive aldehydes and DNA repair.
